The growth of high-performance Mg-doped p-type Al x Ga 1-x N (x = 0.35) layers using low-pressure metalorganic chemical vapour deposition on an AlN/sapphire template is reported. The influence of growth conditions on the p-type conductivity of the Al x Ga 1-x N (x = 0.35) alloy was investigated. It was found that the p-type resistivity of the AlGaN alloy demonstrates a marked dependence on the Mg concentration, V/III ratio and group III element flow rate. A minimum p-type resistivity of 3.5 Ω cm for Al x Ga 1-x N (x = 0.35) epilayers was achieved. A Ni/Au (10 nm/100 nm) ohmic contact was also fabricated and a specific contact resistivity of 8.1 × 10 -2 Ω cm 2 was measured.
Introduction
Al-rich AlGaN alloys are currently attracting much attention since they are particularly suited for the realization of deep ultraviolet (UV) optoelectronic devices, such as light emitting diodes, laser diodes, and solar-blind photodetectors [1] [2] [3] . To obtain high performance from these devices, highly conductive n-type and p-type AlGaN alloys with high Al fraction are indispensable. However, compared to GaN, it is even more difficult to control the conductivity through doping in AlGaN alloys due to a higher concentration of defects and larger ionization energy of the dopants [4] . The fabrication of p-type AlGaN with high Al content is still a significant challenge. A compromise can be reached by using methods [5, 6] such as Mg delta doping and Mg-doped strained AlGaN/GaN superlattices. Several groups have reported successful metalorganic chemical vapour deposition (MOCVD) growth of uniform p-type AlGaN epitaxial layers using Mg as a dopant [7] [8] [9] [10] [11] . Most investigations have focused on p-type AlGaN epilayers with an Al fraction that is less than 20%. Li et al. [12] obtained Mg acceptor activation energies E A of AlGaN alloy with an Al content of up to 0.27, and deduced that at an Al content of x = 0.45 the resistivity should be as high as 2.2 × 10
4 Ω cm. Recently, Jeon et al. [13] reported p-type resistivity as low as 10 Ω cm in AlGaN epitaxial layers with an Al content of 0.3. The electrical characteristics of group III nitride epitaxial films are sensitive to the MOCVD growth conditions. It is therefore important to investigate the effect of growth parameters on the performance of p-type AlGaN.
In this paper we demonstrate the MOCVD growth conditions suitable for fabricating p-type AlGaN epilayers with high Al fraction. Based on electrical investigations of Al x Ga 1-x N (x = 0.35) epilayers, a minimum p-type resistivity of 3.5 Ω cm is achieved.
Experimental
Mg-doped AlGaN epitaxial layers were grown in a low-pressure MOCVD reactor (Aixtron 200/4 HT-S). Trimethylgallium (TMGa), trimethylaluminium (TMAl), ammonia, and biscyclopentadienylmagnesium (Cp 2 Mg) were used as Ga, Al, N, and Mg precursors, respectively. A 15 nm thick, low-temperature (600 °C) AlN nucleation layer was deposited on a double-polished 2-inch (0001) Al 2 O 3 substrate prior to the growth of a high-temperature (1150 °C) 0.7 µm AlN template and 0.1 µm undoped AlGaN transitional layer. On top of these structures, 0.3 µm thick Mg-doped AlGaN layers were grown using different growth parameters. There were no other additional conductive layers that might influence the conductivity measurements.
UV optical transmission measurements were carried out using an Ocean Optics CHEM2000-UV-VIS PC plug-in fibre optic spectrophotometer in the 200-600 nm range. X-ray diffraction was performed using a Bruker D8 system, delivering a Cu K α1 line. Current-voltage (I-V) transmission line model (TLM) measurements and Hall measurements (commercial Lakeshore model 7512 Hall Measurement System) were carried out to obtain the resistivity of the Mg-doped AlGaN layers. A Ni/Au (10 nm/ 100 nm) metallization contact was fabricated on the p-type AlGaN surface for the Hall measurements. Prior to the Hall measurements, the ohmic behaviour of the contacts was verified by means of I-V characteristics. The resistivity values from the Hall measurements were in general consistent with those from the TLM measurements. I-V measurements were carried using an HP 4142B modular DC source.
To explore the influence of the growth conditions on the electrical properties of the p-type AlGaN epilayers, two series of Mg-doped AlGaN layers were grown. The TMGa flow rate was 22.5 and 40.4 µmol/min for the first and second series, respectively. The Al fraction in the AlGaN alloy was maintained at 35% in all of the samples by adjusting the TMAl flow rates to 6.7 and 17.9 µmol/min. During the growth of the AlGaN layers, the reactor pressure and growth temperature were kept at 50 mbar and 1050 °C, respectively.
Results and discussion
In order to determine the Al content and crystal quality of the Mg-doped AlGaN alloy, UV optical transmission was used for selected as-grown samples. As shown in Fig. 1 , the optical transmission spectrum shows a sharp cut-off at 284 nm along with well-defined Fabry-Perot oscillations due to the high quality of the material and smooth surface. One key to obtain high crystal quality of the AlGaN epilayers is the introduction of the AlN buffer. The benefits of applying an AlN epitaxial layer as buffer for defect density reduction in AlGaN have been demonstrated previously [14, 15] . GaN and AlN single layers were also measured using the same apparatus, and a value of b = 0.62 eV [16] was used for the bowing parameter. From the optical characteristics and calculations, we determined the Al content in the AlGaN alloy to be around 35%.
After growth, the Mg-doped samples were thermally activated in N 2 at 850 °C for 10 min, which resulted in p-type conduction verified by a Hall measurement (standard Van Der Pauw). Figure 2 shows the variation of room temperature resistivity with the Cp 2 Mg/(TMAl + TMGa) mole flow ratio. The measured resistivity has a value of 1070 Ω cm when the Cp 2 Mg/(TMAl + TMGa) mole flow ratio is about 1.2 × 10 -2 , and reduces sharply to 3.5 Ω cm with the mole ratio increases to 1.5 × 10 -2 . With a further increase of the mole ratio, the resistivity begins to increase gradually. Jeon et al. [13] reported the viability of low-resistivity p-AlGaN doping is constrained by two competing mechanisms, namely a minimum dosage of Mg acceptors required to overcome the background defects and a doping ceiling above which structural defects occur with accompanying degradation of electrical conductivity. The resistivity variation trends for our samples are consistent with these reported results. The incorporation of Mg during AlGaN growth was studied using secondary ion mass spectroscopy (SIMS), measurements for which were carried out at Charles and Evan Inc. The inset of Fig. 2 shows the measured Mg concentration in AlGaN samples grown with various Cp 2 Mg/(TMAl + TMGa) mole flow ratios. As expected, the Mg concentration is found to increase linearly with the mole ratio. The SIMS measurements indicate that the Mg doping in AlGaN epiayers using Cp 2 Mg is a quite well-controlled process within the range of the experiment. Also, it is noted that there is no dependence of common impurity, such as C and O, incorporation on the Mg doping process [17] . Figure 3 summarizes the room temperature resistivity of the samples from both series as a function of the V/III molar ratio. The Cp 2 Mg/(TMAl + TMAl) flow was kept constant so that the nominal doping concentration was not significantly different for all the samples. According to SIMS measurements of selected samples, the Mg concentration in the films is around 2.2 × 10
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3 . The V/III ratio was calibrated by changing the ammonia flow. As shown in Fig. 3 , the variation of the resistivity as a function of V/III molar ratio shows a similar trend for both series, indicating that the resistivity of the p-type AlGaN alloy has a marked dependence on the V/III ratio. For the first series, the Mg-doped AlGaN has a high resistivity (>10 7 Ω cm) at a V/III ratio of 610, and a minimum resistivity of 89.
3 Ω cm at a V/III ratio of www.pss-a.com 1200. The decrease of the resistivity of the samples with increasing V/III ratio is consistent with the compensation by nitrogen vacancies in the p-type doping of GaN [18] . Compared to the first series, the resistivity of the second series was much lower (more than one order of magnitude) which was due to the increase of the group III element precursor flow (namely the growth rate) at the same V/III ratio. The minimum resistivity (3.5 Ω cm) was achieved at a V/III ratio of 1225. Above a V/III ratio of about 1200, the resistivity values starts to increase for both series. The exact mechanism responsible for the growth rate effect is not clear at this time. The possibility of compensation through incorporation of an external impurity was checked using SIMS measurements for C, O, H, and Si. The results show that the impurity concentrations in the two sample series are not markedly different. It is well known that a high V/III ratio should be maintained in order to achieve highconductivity p-type GaN films, because compensation by nitrogen vacancies plays an important role [18] . Experimental results showed that GaN growth under N-rich conditions not only increases the Mg incorporation rate but also ensures that the Mg is incorporated into substitutional Ga sites [19] . However, a relatively low V/III ratio should be used to obtain high crystalline quality AlGaN epilayers, by increasing the surface mobility of adsorbed Al species. We speculate that Mg atoms are more likely to replace the Ga or www.pss-a.com
Al sites during AlGaN growth with a relatively high growth rate process, which is essential for the desired acceptor behaviour. Uniform Mg-doped GaN epilayers typically exhibit p-type resistivity of about 1 Ω cm [5] . Our experimental results reveal that we realized p-type Al x Ga 1-x N (x = 0.35) epilayers with a room temperature resistivity as low as 3.5 times more than the typical resistivity of p-type GaN epilayers. We ascribe the enhanced conductivity performance of p-type AlGaN to the following two factors: (i) improvement of AlGaN crystal quality by applying the AlN buffer layer to reduce the compensation effect from defects and scattering centres in the AlGaN epilayers; and (ii) optimization of Mg-doped AlGaN growth conditions, including appropriate V/III molar ratio and Mg doping concentration and a relatively high growth rate.
TLM patterns were deposited using a Ni/Au (10 nm/100 nm) alloy as ohmic contact metal. The asdeposited ohmic contacts showed non-linear behaviour for both sample series. The linearity of the I-V curves significantly improved after an anneal step that consisted of 60 s at 700 °C and 120 s at 850 °C in flowing N 2 ambient. Figure 4 shows the measured I-V characteristics between two 100 µm × 200 µm TLM pads separated by a 3 µm gap. Compared to the samples with a low growth rate (TMGa flow 22.5 µmol/min), the I-V characteristics of the samples with a high growth rate (TMGa flow 40.4 µmol/min) exhibited more linear-like characteristics due to the low sheet resistivity of the p-type AlGaN layer. The TLM measurements yielded a specific ohmic contact resistivity of 8.1 × 10 -2 Ω cm 2 . Although this is a significantly low ohmic contact resistivity, further work should be conducted to improve the ohmic contact characteristics of p-type AlGaN epilayers with high Al fractions.
Conclusions
We have demonstrated p-type conductivity in Mg-doped Al x Ga 1-x N (x = 0.35) epilayers with very low impurity concentrations. The influence of growth conditions (V/III ratio, Mg doping concentration, and group III element flow rate) on the p-type conductivity was investigated. It was found that an appropriate V/III mole ratio and Mg doping concentration and a relatively high growth rate were needed to improve the electrical characteristics of the p-type AlGaN epilayers. A p-type resistivity of 3.5 Ω cm for Al x Ga 1-x N (x = 0.35) was obtained under the optimized growth conditions.
